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We study the interplay between electronic correlations and hybridization in the low-energy elec-
tronic structure of CaMn2Bi2, a candidate hybridization-gap semiconductor. Utilizing state-of-the-
art advanced density functionals we find both the antiferromagnetic Ne´el order and band gap in
good agreement with the corresponding experimental values. We further find that, under hydro-
static pressure, the band gap is mainly governed by magnetic correlations, whereas hybridization
has a greater impact on states at higher band energies. This result suggests that CaMn2Bi2 is more
closely related to the high-temperature superconducting cuprates and iron pnictides than the heavy
fermion class of materials. Finally, we also find the antiferromagnetic CaMn2Bi2 to be topologically
trivial for all pressures studied.
I. INTRODUCTION
The electronic structure of fermionic correlated sys-
tems is driven by the competition between the tendencies
of the electron to spread out as a wave and to localize as a
particle, the latter usually accompanied with magnetism.
That is, the interplay of the spin and charge degrees of
freedom is a central issue.1 Layered two-dimensional (2D)
materials provide a unique platform for studying this
dual nature of the electronic states which produces rich
phase diagrams including high temperature supercon-
ductivity,2,3 non-trivial topological insulating and semi-
metallic phases,4 and quantum spin liquid states.5
In particular, the iron-based superconductors have
been under vigorous experimental and theoretical study
since the discovery of unconventional high-temperature
superconductivity in La[O1−xFx]FeAs in 2008.6 Since
then a family of compounds with related layered crystal
structures and chemical compositions were discovered in-
cluding FeSe, LiFeAs, RFeAsO (R=rare earth), AFe2As2
(A=Ca, Sr, Ba, Eu), termed the ‘11’, ‘111’, ‘1111’,
and ‘122’ type structures, respectively.7 The highest su-
perconducting transition temperature of 56 K has been
found in the 1111-type compound Gd0.8Th0.2FeAsO.
8
To enhance the superconducting transition tempera-
ture and search for new broken symmetry phases, Fe was
substituted away and replaced by other transition met-
als such as Cr, Mn, Co, and Ni. These isostructural
compounds form new ground states including metallic
(Co-based), itinerant antiferromagnetic (Cr-based), su-
perconducting (Ni-based), and semiconducting antiferro-
magnetic (Mn-based) behavior. The Mn-based pnictides
garnered special interested due to their similarity to the
phenomenology of the high-temperature cuprate super-
conductors. In particular, the Mn-based compounds ex-
hibit insulator-metal transitions upon either doping or
application of pressure, but superconductivity has yet to
be reported.9–15 In general this suggests that the man-
ganese pnictides possibly form a bridge between the pnic-
tide and cuprate material families.
Recent experimental and theoretical studies find
CaMn2Bi2 to host many intriguing properties includ-
ing large anisotropic magnetoresistance16 and a plane-
to-chain structural transition17, but most curiously it has
been suggested that CaMn2Bi2 may be a hybridization-
gap semiconductor.18,19 In line with this claim, low-
temperature electrical transport measurements find a
slight increase of the gap under pressure.20 This type of
behavior is akin to Ce3Bi4Pt3 and other heavy fermion
compounds.21–23 Therefore, CaMn2Bi2 could provide a
link between the cuprates, pnictides, and heavy fermion
systems.
In this article, we present a first-principle investigation
of the electronic and magnetic structure of CaMn2Bi2.
We find electronic correlations to dominate the band gap,
with the effect of hybridization limited to energies 0.5
eV and higher. Under applied hydrostatic pressure we
find an insulator-metal transition near 20 kbar along with
reduced manganese magnetic moments as expected for a
correlated system. Hybridization is seen to increase with
pressure, but the energy scales at which it plays a role
prevent it from influencing the band gap. Finally, we also
find the antiferromagnetic CaMn2Bi2 to be topologically
trivial for all studied pressures .
Ab initio calculations were carried out by using the
pseudopotential projector-augmented wave method24 im-
plemented in the Vienna ab initio simulation pack-
age (VASP)25,26 with an energy cutoff of 600 eV for
the plane-wave basis set. Exchange-correlation ef-
fects were treated using the strongly-constrained-and-
appropriately-normed (SCAN) meta-GGA scheme,27
where a 12 × 12 × 8 Γ-centered k-point mesh was used
to sample the Brillouin zone. Spin-orbit coupling ef-
fects were included self-consistently. We used the low-
temperature P 3¯m1 (164) crystal structure in accord with
the experimental measurements.28 All sites in the unit
cell along with the unit cell dimensions were relaxed us-
ing a conjugate gradient algorithm to minimize energy
with an atomic force tolerance of 0.01 eV/A˚ and a total
energy tolerance of 10−6 eV. The theoretically obtained
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2structural parameters are in good agreement with the
corresponding experimental results.
II. MAGNETIC AND ELECTRONIC
STRUCTURE
Figure 1 shows the three possible antiferromagnetic
ground state configurations within the crystal structure
of CaMn2Bi2. The magnetic moments (green and gold
arrows) are stabilized on the manganese sites within the
plane oriented along the b-axis in accord with experimen-
tal observations.18 Our first principles total energy cal-
culations find the Ne´el-type order to be the ground state
consistent with neutron diffraction,18 with the other can-
didate magnetic states lying at least 40 meV above in
energy. The magnitude of the magnetic moments along
with the band gap and relative total energy of the various
magnetic configurations are given in Table I.
TABLE I. Comparison of various theoretically predicted prop-
erties for the three possible antiferromagnetic ground states
in CaMn2Bi2.
Order Magnetic Orbital Total Gap Relative Energy
(µB) (µB) (µB) (meV) (meV/Mn)
Neel 4.125 0.053 4.18 291 0
Stripy 4.116 0.045 4.161 0.437 48
Zig-Zag 4.139 0.045 4.184 291 109
Experimentally, the Ne´el phase exhibits a magnetic
moment of 3.85 µB and a band gap between 31 - 62
meV, depending on the report18,29. Additional recent
transport studies find a small activation gap between 2
- 4 meV.20 Our calculations yield a larger magnetic mo-
ment and energy gap, however our results improve upon
FIG. 1. (color online) Various antiferromagnetic ground
state configurations within the crystal structure of CaMn2Bi2.
Green (gold) arrows represent the positive (negative) man-
ganese magnetic moments. The stacking of the atomic layers
is shown on the lower right. The black lines mark the unit
cell.
FIG. 2. (color online) Total density of states in the Neel type
antiferromagnetic phase of CaMn2Bi2 for various values of
J . The manganese magnetic moment (red solid line) and the
band gap (blue solid line) given in the inset as a function of
J , along with the corresponding experimental values (dashed
lines).
those obtained using the HSE06 hybrid functional.20 Pre-
vious studies on transition metal solids, including Fe, Co,
Ni, and Mn, where SCAN was employed yielded the com-
plex charge and noncollinear magnetic ordering that oc-
curs at low temperatures, but with a slight enhancement
of the magnetization.30 The enhancement is attributed
to an oversensitivity of the iso-orbital indicator, α, used
to discern various chemical bonding environments and is
currently being amended.31,32 Curiously, this oversensi-
tivity was not found in studies of the cuprates33,34 and
3d perovskite oxides in general.35
To remedy the overestimation, we introduce an effec-
tive Hund’s coupling J on the Mn-d states within the
scheme of Dudarev et al.36 to dampen the electronic cor-
relations captured by SCAN. Physically, J has also been
show to play a key role in the Mn-based pnictides.12,37
Figure 2 shows the change in the density of states (DOS)
near the Fermi level as a function of J , along with an in-
set of the magnetic moment (red solid line) and band gap
(blue solid line) overlaid with the average experimental
values (dashed lines). Increasing J from 0.0 to 2.0 eV
pushes the leading edge of the conduction band towards
the Fermi energy, decreasing the band gap. Simultane-
ously, the density of valence (conduction) states grows
(narrows). The band gap and magnetic moment mono-
tonically decrease with increasing J , with the gap closing
for a J of 2.0 eV. A J of 1.3 eV is found to reproduce
the experimental parameters, as indicated by the green
dashed line.
Figure 3 shows the site-resolved density of states
(DOS) for various atomic orbitals including Mn-d and
3FIG. 3. (color online) Site-resolved partial density of states
for the same phase for various values of J . Shading and
lines of various colors (see legend) give the contributions from
manganese-d, and bismuth-s and -p orbitals. The green (blue)
dashed lines follow the shift in manganese (bismuth) states
with increasing J . Black dashed line marks the Fermi En-
ergy.
Bi-s,p as a function of the effective J . On tuning J from
0 to 2 eV the gap in the magnetically split Mn-d states
(centered at -4.5 eV and 1.0 eV) clearly contracts, mark-
ing a reduction of the Mn-d on-site correlations. Below
the Fermi energy, the overlap between Bi-p and Mn-d or-
bitals is enhanced, due to the increase in Mn-d weight,
while the bands move towards the Fermi energy. Above
the Fermi level, the center-of-gravity of the Mn-d states
shifts towards the Fermi energy with increasing J ; how-
ever the bandwidth stays relatively the same, which im-
plies no significant change in Bi/Mn hybridization. The
Bi-s dominated band stays centered about 2.5 eV above
the Fermi energy for all J , illustrating that J is just in-
fluencing the correlation strength of the Mn levels. Addi-
tionally, we find calcium to have negligible weight within
the energy range discussed, and therefore it is not a fac-
tor.
Figure 4 shows the electronic band structure of
CaMn2Bi2 in the AFM phase for optimal effective J =
1.3. The band gap is indirect with the transition from the
conduction band and the valence band characterized by a
change in crystal momentum from Γ to M . Overall, the
band structure resembles the same obtained by the gen-
eralized gradient approximation18,20, except with a finite
band gap. In contrast, the conduction bands obtained
by the HSE06 hybrid functional (Ref. 20) are more dis-
persion and display characteristically different transitions
and should be noticeable in optical spectroscopy.
III. EFFECT OF PRESSURE
Applied external pressure provides a direct means to
gauge the relative ratio between hybridization and cor-
relation strengths in a material. If the band gap is
driven by correlations, pressure squeezes the lattice sites
of the crystal closer together forcing the wave functions
of neighboring atomic sites to overlap. Electrons then
tend to become more delocalized in the material, yield-
ing a metal. In contrast, if the band gap is governed
by hybridization, pressure further separates bonding and
anti-bonding states, thus increasing the band gap. When
both hybridization and correlations are present, the gap
can undergo non-monotonic behavior under pressure as
a result of their competition.
Figure 5 (left panel) shows the site-resolved partial
density of states in the Neel type antiferromagnetic phase
of CaMn2Bi2 under hydrostatic pressures from 0 to 100
kbar. At zero pressure the AFM order opens a gap in
the Mn-d states of 42 meV, consistent with the average
reported experimental value, along with the majority bis-
muth states centered at 2.5 and -5.0 eV, respectively. As
pressure is applied, the energy separation between the
bismuth states increase, as indicated by the blue dashed
lines, due to the enhanced hybridization. The motion of
the manganese states is not as clear-cut. The manganese
dominated levels below EF move to towards higher ener-
gies, reducing the band gap. There is also a concomitant
broadening of the states and a strengthening of Mn-d and
Bi-p overlap.
In contrast, the manganese levels above EF exhibit
anomalous non-monotonic behavior. For pressures less
than 20 kbar, the peaks in the DOS stay relatively con-
stant in energy, only showing a slight shift to the left
(green dashed lines). For pressures greater than 20 kbar,
the motion of peaks in the DOS appears to be propor-
FIG. 4. (color online) Electronic band dispersion of
CaMn2Bi2 in the AFM phase for an effective J = 1.3 eV.
4FIG. 5. (color online) (left panel) Site-resolved partial density of states in the Neel type antiferromagnetic phase of CaMn2Bi2
under various values of pressure. Shading and lines of various colors (see legend) give the contributions from manganese-d, and
bismuth-s and -p orbitals. The green (blue) dashed lines follow the shift in manganese (bismuth) states with increasing pressure.
Red solid line tracks the leading edge of the conduction states as the system passes through a metal-insulator transition. Black
dashed line marks the Fermi Energy. (right panel) The spin and orbital components of the total magnetic moment, along with
the band gap as a function of pressure.
tional to their proximity to the Fermi level. For peaks
at 0.5 eV or greater, the DOS move to right, follow-
ing the bismuth s-orbital states, whereas states closer
to the Fermi energy move to the left. The leading edge
of the conduction band follows a linear trajectory (red
dashed line), crossing the Fermi level at 20 kbar, making
CaMn2Bi2 a metal.
This behavior can be rationalized as follows. For
small pressures hybridization dominates, pushing states
to higher energies, but for larger pressures the collapse of
the magnetic correlations is quicker than the change in
the hybridization, pulling the states to the left. There-
fore, the hybridization plays a dual role, trying to en-
large the gap near the Fermi level, while simultaneously
killing magnetic correlations; annihilating the gap. Here
we can conclude that the gap appears to be mostly gov-
erned by correlations rather than hybridization. How-
ever, due to the anomalous behavior of the Mn-d levels,
a slight perturbation or tuning of the position of the Bi-s
level would result in greater hybridization influence on
the gap, boosting the band gap before closing at higher
pressures.
Figure 5 (right panel) shows the total magnetic mo-
ment along with its spin and orbital components and the
band gap as a function of pressure. The total magnetic
moment is dominated by spin magnetization both dis-
playing a monotonic linear decrease with pressure. On
the other hand, the orbital contribution increases in a
power law fashion, with a slight plateau upon the gap
closing. Here, the the competition between hybridization
and correlation with pressure can be readily observed.
The spin magnetization provides a direct indicator of
the strength of correlations, while the orbital component
tracks the overlap of Bi and Mn atomic wave functions,
which in turn induce an effective spin-orbit coupling on
the Mn sites. Additionally, we also found the Mn mo-
ments to slightly (≈ 1◦) tilt out-of-plane with applied
pressure.
In the original analysis performed by Gibson et al.18 it
was claimed that the gap behaves as a hybridization gap.
This was justified by tracking the changes in position of
the Bi-p and s levels with expanding and contracting the
unit cell volume by 1%. However, this claim is made
by disregarding the Mn-d bands which sit in between the
bismuth levels forming the band gap and follow the trend
of a correlation gap. Additionally, the pressure study by
some of us20 reports an increase in activation energy of 20
K to 40 K (2 - 4 meV) with pressure using electrical trans-
port measurements. The small gap values could possibly
be driven by impurity states within the gap, making the
sample sensitive to slight perturbations in pressure. How-
ever, to fully compare our first-principle calculations to
the experimental resistivity measurements, a more rigor-
ous modeling of the transport process is required.
IV. TOPOLOGICAL CHARACTER
Originally, CaMn2Bi2 was thought to be a possible
magnetic 3D Dirac semimetal, where the Mn-d states
5were assumed to behave as core electrons.38 This then
allows for a clean band inversion of Bi-s and Bi-p levels.
However, Gibson et al.18 found that the Mn-d orbitals
play a significant role at the Fermi level, hybridized with
the manifold of bismuth states. This ultimately disrupts
the Bi-s and Bi-p level, avoiding a topological non-trivial
ground state.
To confirm the topological nature of CaMn2Bi2 we
used the vasp2trace code39 in conjunction with the Check
Topological Material module40–42 provided on the Bilbao
Crystallographic Server.43–45 CaMn2Bi2 is indeed found
to be topological trivial for all pressures up to 100 kbar,
due to the fact that the Mn-d levels dominate the low
energy electronic structure and preventing the Bi-s and
p states to overlap and invert. However, if the on-site en-
ergy of the manganese bands were to be tuned away from
the Fermi level or the Bi-s state brought closer to the
Fermi level, the bismuth s and p level could be inverted,
making the ground state topologically non-trivial.
V. CONCLUDING REMARKS
By examining the ground state electronic structure of
CaMn2Bi2 as a function of pressure, we find the low
energy electronic structure to follow the characteristic
behavior of a correlation gap. This behavior implies
CaMn2Bi2 is more closely related to the cuprate high-
temperature superconductors than the Ce3Bi4Pt3 heavy
fermion compounds. To fully elucidate its connection
to the cuprate compounds and to what extent they are
similar, i.e. exhibiting charge/spin density waves and
superconductivity, further doping dependent studies are
needed to uncover its full phase diagram. Moreover, the
addition of holes should produce an interesting interplay
between itinerant antiferromagnetic carriers and those on
the strongly spin-orbit coupled Bi-p orbitals, creating a
ripe environment for new exotic phases of matter.
ACKNOWLEDGMENTS
This work was supported by the U.S. DOE NNSA
under Contract No. 89233218CNA000001 and by the
Center for Integrated Nanotechnologies, a DOE BES
user facility, in partnership with the LANL Institutional
Computing Program for computational resources. Addi-
tional support was provided by DOE BES Core Programs
(LANL Codes: E3B5 and E1FR).
∗ laneca@lanl.gov
† jxzhu@lanl.gov
1 N. Nagaosa, Quantum field theory in strongly correlated
electronic systems (Springer Science & Business Media,
1999).
2 G. Stewart, Rev. Mod. Phys. 83, 1589 (2011).
3 C. Proust and L. Taillefer, Annu. Rev. Condens. Matter
Phys. 10, 409 (2019).
4 A. Bansil, H. Lin, and T. Das, Rev. Mod. Phys. 88, 021004
(2016).
5 H. Takagi, T. Takayama, G. Jackeli, G. Khaliullin, and
S. E. Nagler, Nat. Rev. Phys. , 1 (2019).
6 Y. Kamihara, T. Watanabe, M. Hirano, and H. Hosono,
JACS 130, 3296 (2008).
7 H.-H. Wen and S. Li, Annu. Rev. Condens. Matter Phys.
2, 121 (2011).
8 C. Wang, L. Li, S. Chi, Z. Zhu, Z. Ren, Y. Li, Y. Wang,
X. Lin, Y. Luo, S. Jiang, et al., EPL 83, 67006 (2008).
9 H. Yanagi, T. Watanabe, K. Kodama, S. Iikubo, S.-i.
Shamoto, T. Kamiya, M. Hirano, and H. Hosono, Journal
of Applied Physics 105, 093916 (2009).
10 M. A. McGuire and V. O. Garlea, Physical Review B 93,
054404 (2016).
11 Q. Zhang, C. Kumar, W. Tian, K. W. Dennis, A. I. Gold-
man, and D. Vaknin, Physical Review B 93, 094413
(2016).
12 J. Simonson, Z. Yin, M. Pezzoli, J. Guo, J. Liu, K. Post,
A. Efimenko, N. Hollmann, Z. Hu, H.-J. Lin, et al., Pro-
ceedings of the National Academy of Sciences 109, E1815
(2012).
13 J. Simonson, K. Post, C. Marques, G. Smith, O. Khatib,
D. Basov, and M. Aronson, Physical Review B 84, 165129
(2011).
14 Y.-L. Sun, J.-K. Bao, Y.-K. Luo, C.-M. Feng, Z.-A. Xu,
and G.-H. Cao, EPL (Europhysics Letters) 98, 17009
(2012).
15 T. Hanna, S. Matsuishi, K. Kodama, T. Otomo, S.-i.
Shamoto, and H. Hosono, Physical Review B 87, 020401
(2013).
16 N. Kawaguchi, T. Urata, T. Hatano, K. Iida, and H. Ikuta,
Physical Review B 97, 140403 (2018).
17 X. Gui, G. J. Finkelstein, K. Chen, T. Yong, P. Dera,
J. Cheng, and W. Xie, Inorganic chemistry 58, 8933
(2019).
18 Q. Gibson, H. Wu, T. Liang, M. Ali, N. P. Ong, Q. Huang,
and R. J. Cava, Phys. Rev. B 91, 085128 (2015).
19 Z. Zada, A. Laref, G. Murtaza, A. Zeb, and A. Yar, Inter-
national Journal of Modern Physics B 33, 1950199 (2019).
20 M. Piva, S. Thomas, Z. Fisk, J.-X. Zhu, J. D. Thomp-
son, P. Pagliuso, and P. Rosa, Phys. Rev. B 100, 045108
(2019).
21 M. Hundley, P. Canfield, J. Thompson, Z. Fisk, and
J. Lawrence, Phys. Rev. B 42, 6842 (1990).
22 J. Cooley, M. Aronson, and P. Canfield, Phys. Rev. B 55,
7533 (1997).
23 D. J. Campbell, Z. E. Brubaker, C. Roncaioli, P. Saraf,
Y. Xiao, P. Chow, C. Kenney-Benson, D. Popov, R. J.
Zieve, J. R. Jeffries, et al., arXiv preprint arXiv:1907.09017
6(2019).
24 G. Kresse and D. Joubert, Phys. Rev. B 59, 1758 (1999).
25 G. Kresse and J. Furthmu¨ller, Phys. Rev. B 54, 11169
(1996).
26 G. Kresse and J. Hafner, Phys. Rev. B 48, 13115 (1993).
27 J. Sun, A. Ruzsinszky, and J. Perdew, Physical Review
Letters 115, 1 (2015), arXiv:arXiv:1011.1669v3.
28 G. Cordier and H. Scha¨fer, Z. Naturforsch. B Chem. Sci.
31, 1459 (1976).
29 N. Sangeetha, V. Smetana, A.-V. Mudring, and D. John-
ston, Phys. Rev. B 97, 014402 (2018).
30 A. Pulkkinen, B. Barbiellini, J. Nokelainen, V. Sokolovskiy,
D. Baygutlin, O. Miroshkina, M. Zagrebin, V. Buchel-
nikov, C. Lane, R. S. Markiewicz, et al., arXiv preprint
arXiv:1904.10291 (2019).
31 D. Mej´ıa-Rodr´ıguez and S. Trickey, Phys. Rev. B 100,
041113 (2019).
32 J. W. Furness and J. Sun, Phys. Rev. B 99, 041119 (2019).
33 J. W. Furness, Y. Zhang, C. Lane, I. G. Buda, B. Bar-
biellini, R. S. Markiewicz, A. Bansil, and J. Sun, Nat.
Comm. Phys. 1, 11 (2018).
34 C. Lane, J. W. Furness, I. G. Buda, Y. Zhang, R. S.
Markiewicz, B. Barbiellini, J. Sun, and A. Bansil,
Phys. Rev. B 98 (2018), 10.1103/PhysRevB.98.125140,
arXiv:1808.06283.
35 J. Varignon, M. Bibes, and A. Zunger, Nat. comm. 10,
1658 (2019).
36 S. Dudarev, G. Botton, S. Savrasov, C. Humphreys, and
A. Sutton, Phys. Rev. B 57, 1505 (1998).
37 D. McNally, S. Zellman, Z. Yin, K. Post, H. He, K. Hao,
G. Kotliar, D. Basov, C. Homes, and M. Aronson, Physical
Review B 92, 115142 (2015).
38 T. Zhang, Y. Jiang, Z. Song, H. Huang, Y. He, Z. Fang,
H. Weng, and C. Fang, Nature 566, 475 (2019).
39 M. Vergniory, L. Elcoro, C. Felser, N. Regnault, B. A.
Bernevig, and Z. Wang, Nature 566, 480 (2019).
40 B. Bradlyn, L. Elcoro, J. Cano, M. Vergniory, Z. Wang,
C. Felser, M. Aroyo, and B. A. Bernevig, Nature 547, 298
(2017).
41 M. Vergniory, L. Elcoro, Z. Wang, J. Cano, C. Felser,
M. Aroyo, B. A. Bernevig, and B. Bradlyn, Phy. Rev.
E 96, 023310 (2017).
42 L. Elcoro, B. Bradlyn, Z. Wang, M. G. Vergniory, J. Cano,
C. Felser, B. A. Bernevig, D. Orobengoa, G. Flor, and
M. I. Aroyo, J. Appl. Crystallogr. 50, 1457 (2017).
43 M. I. Aroyo, J. Perez-Mato, D. Orobengoa, E. Tasci,
G. De La Flor, and A. Kirov, Bulg. Chem. Commun 43,
183 (2011).
44 M. I. Aroyo, J. M. Perez-Mato, C. Capillas, E. Kroumova,
S. Ivantchev, G. Madariaga, A. Kirov, and H. Won-
dratschek, Z. Kristallogr. Cryst. Mater. 221, 15 (2006).
45 M. I. Aroyo, A. Kirov, C. Capillas, J. Perez-Mato,
and H. Wondratschek, Acta Crystallographica A 62, 115
(2006).
